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The electrical resistivity, anisotropic magnetoresistance (AMR), and anomalous Hall effect of fer-
romagnetic Mn5Ge3, Mn5Ge3C0.8, and Mn5Si3C0.8 thin films has been investigated. The data show
a behavior characteristic for a ferromagnetic metal, with a linear increasee of the anomalous Hall
coefficient with Curie temperature. While for ferromagnetic Mn5Si3C0.8 the normal Hall coefficient
R0 and the AMR ratio are independent of temperature, these parameters strongly increase with
temperature for the germanide films. This difference is attributed to the different hybridization of
electronic states in the materials due different lattice parameters and different atomic configurations
(Ge vs. Si metalloid). The concomitant sign change of R0 and the AMR ratio with temperature
observed for the germanide films is discussed in a two-current model indicating an electron-like
minority-spin transport at low temperatures.
PACS numbers: 72.15.Eb, 72.80.Ga, 73.50.Jt, 75.47.Np, 75.60.Ej
I. INTRODUCTION
The vision of spintronics - the development of faster
and less power-consuming nonvolatile electronics with
increased integration density by utilizing the electron’s
spin degree of freedom - strongly depends on the ability
to inject, manipulate, and detect spin-polarized charge
carriers in the semiconductor [1–3]. In search of new
materials for spintronic applications, a number of fer-
romagnetic metals and compounds are being explored
with the aim to overcome the various obstacles of spin
injection and detection in semiconductors, in particu-
lar in Si, and in ferromagnet-semiconductor heterostruc-
tures. Ferromagnetic silicides or germanides are favor-
able due to the possible integration into semiconductor
Si- and Ge-based electronics and complementary metal-
oxide-semiconductor (CMOS) technology [4]. Mn5Ge3
films are an example because they can be epitaxially
grown on Ge(111) and are ferromagnetic at room tem-
perature with a Curie temperature TC = 296 K [5] close
to TC = 304 K of bulk Mn5Ge3 [6]. For these films, the
intrinsic part of the extraordinary or anomalous Hall ef-
fect (AHE) has been shown to depend linearly on the
magnetization M [7]. However, for a real device oper-
ating at room temperature TC values well above room
temperature are pivotal. This can be achieved, e.g., by
inserting carbon atoms into Mn5Ge3 [8–10]. Recently,
Mn5Ge3C0.8 has been implemented in MOS capacitors
and Schottky diodes on n-Ge to determine work functions
and contact resistivities [11]. Furthermore, Mn5Ge3/Ge
and Mn5Ge3C0.8/Ge heterostructures are being investi-
gated for potential spintronic applications [12].
A stabilization of ferromagnetic order by carbon has
also been established for the prototype material Mn5Si3
which orders antiferromagnetically below 100 K but can
be driven ferromagnetic by insertion of carbon with TC ≈
350 K for Mn5Si3C0.8 [13–15]. The high TC well above
room temperature makes this material interesting to
study in light of potential applications in combination
with silicon, the mainstream semiconductor. A previ-
ous electronic-transport study performed on Mn5Si3Cx
focused on the effect of carbon concentration x and film
thickness d on the resistivity, where the carbon-induced
disorder gives rise to scattering of electrons by structure-
induced two-level systems at low temperatures [14].
In ferromagnetic materials, the spin-orbit interaction
(SOI) gives rise to an anisotropic magnetoresistance
(AMR). The AMR is the difference between the magne-
toresistance (MR) when the magnetization M is aligned
in the longitudinal (L) or transverse (T) direction with
respect to the current, and the field is oriented in the
plane of the film. In 3d transition metals the AMR ratio
∆ρ/ρ = (ρ‖,L − ρ‖,T)/ρ‖,T is usually a few percent and
often larger than the ordinary MR which is caused by
the Lorentz force acting on the charge carriers and also
observed in nonmagnetic metals. Both effects are linked
by the microscopic electronic properties of the material
such as the spin-split band structure, the density of states
(DOS), and the SOI.
AMR and AHE have been known for almost a century
[16–19] and experienced a renaissance in recent years.
Separating the ordinary and anomalous Hall coefficients
in ferromagnetic films requires measuring Hall voltage,
MR, and M simultaneously [16].
Although the structural and magnetic properties of fer-
romagnetic Mn5Ge3Cx and Mn5Ge3Cx films have been
investigated previously, a detailed magnetotransport
study of these films is lacking. Hence, we have conducted
a comprehensive investigation of the magnetotransport
properties of ferromagnetic Mn5Ge3, Mn5Ge3C0.8, and
Mn5Si3C0.8 films for temperatures 2 - 400 K. In the ger-
manide films we find a strong temperature dependence
of the AMR ratio and of the ordinary Hall coefficient R0
2which both change sign from negative to positive with
increasing temperature. In contrast, temperature inde-
pendent positive R0 and AMR ratio are observed for fer-
romagnetic Mn5Si3C0.8. We argue that the difference
between the germanide and silicide films arises from the
variation of the spin-split band structure and hybridiza-
tion in these materials due to the different lattice param-
eters that sensitively affect the electronic and magnetic
properties.
A. Materials properties
The prototype phase of the investigated films is the in-
termetallic compound Mn5Si3 with D88 structure. The
hexagonal unit cell (space group P63/mcm) contains two
formula units with 10 Mn atoms on two inequivalent lat-
tice sites (4 Mn1, 6 Mn2) and 6 Si atoms. The anti-
ferromagnetic structure of Mn5Si3 has been determined
by neutron diffraction [20–22] uncovering a non-collinear
spin structure below 68 K which gives rise to a topo-
logical Hall effect [23]. Inserting carbon atoms to yield
Mn5Si3Cx, gives rise to an anisotropic modification of
the local structure around the Mn sites and induces fer-
romagnetic order with a maximum TC = 352 K for x =
0.8 [13, 24]. Site-dependent magnetic moments averag-
ing to 1.19 µB/Mn have been inferred for ferromagnetic
Mn5Si3C from ab-initio calculations and a local moment
of 1.9 µB attributed to Mn2 has been observed by broad-
band nuclear magnetic resonance [25].
The isostructural Mn5Ge3 compound is ferromagnetic
with a Curie temperature TC = 304 K [6, 26]. Ab-initio
calculations indicate the presence of two competing mag-
netic phases, a collinear phase and a phase with small
non-collinearity [27]. The ferromagnetic stability can be
enhanced by carbon insertion [8, 10, 28] possibly due to
a 90◦ ferromagnetic superexchange mediated by C [9].
A substantial modification of the electronic band struc-
ture due to carbon was also derived from a compari-
son of the TC dependence on the unit-cell volume for
Mn5Si3Cx and Mn5Ge3Cx [15]. In polycrystalline films,
a maximum TC ≈ 450 K was reached for Mn5Ge3C0.8
[8, 28]. For higher x, TC and the magnetization de-
crease due to the formation of additional phases. A sim-
ilar C-induced effect was observed for epitaxially grown
Mn5Ge3Cx films on Ge (111) substrates with TC = 430
- 450 K for x ≈ 0.7 − 0.8, making the material an in-
teresting candidate for potential spintronic applications
[10, 12].
B. Anomalous Hall effect
The electrical resistivity ρ = V wd/LI of a film of thick-
ness d and width w is determined from the longitudinal
voltage V measured along a stripe of length L with cur-
rent I. The Hall effect is measured as transverse voltage
Vxy to the current I in perpendicular magnetic field H ,
where the Hall resistivity is obtained via ρxy = Vxyd/I.
In ferromagnetic materials, the Hall effect comprises the
ordinary term ρ0xy arising from the Lorentz force acting
on the charge carriers, and the extraordinary or anoma-
lous term ρAHxy due to the magnetization M [16]:
ρxy = R0B +RSµ0M = ρ
0
xy + ρ
AH
xy . (1)
R0 = (eneff)
−1 (neff : effective carrier density) and RS
are the ordinary and anomalous Hall coefficients, respec-
tively, µ0 the magnetic constant, M the magnetization
and B = µ0 [H +M(1−N)], where the demagnetiza-
tion factor N for thin films in a perpendicular magnetic
field is N ≈ 1. Hence, B = µ0H and the Hall resistivity
and Hall conductivity can be written as
ρxy(H,T ) = R0µ0H + SHρ
2(H,T )M(H,T ) (2)
σxy = ρxy/ρ
2 = R0µ0H/ρ
2 + SHM = σ
0
xy + σ
AH
xy (3)
where SH = µ0RS/ρ
2 and we have assumed ρxy ≪ ρ.
The above expressions are valid in weak magnetic fields
for which ωcτ ≪ 1, where ωc = eB/m is the cyclotron
frequency, τ = m/ne2ρ is the electron scattering time,
and m is the effective electron mass.
For a particular system, R0 may change with tem-
perature due to the different contributions from several
electron-like and hole-like bands crossing the Fermi sur-
face. The anomalous contribution σAHxy contains an in-
trinsic contribution originating from the Berry-phase cur-
vature correction to the group velocity of a Bloch elec-
tron induced by SOI as well as extrinsic contributions
arising from a side-jump mechanism and skew scattering
[16]. The intrinsic contribution dominates the AHE in
moderately conducting materials while the skew scatter-
ing contribution is important at low temperatures and in
clean samples of low impurity concentration. A scaling
relation σxy ∝ ρ
−α (α ≥ 0) has been proposed to cover
the different transport regimes [29]. The conventional
theories of the AHE derived via pertubation theory have
shown SH ∝ λSO independent of T , at least below the
Curie temperature TC [16, 19]. The contributions from
σ0xy and σ
AH
xy can be disentangled by measuring the whole
set of resistivities ρxy(H,T ) and ρ(H,T ) and the magne-
tization M(H,T ).
II. EXPERIMENTAL
Thin polycrystalline Mn5Ge3, Mn5Ge3C0.8, and
Mn5Si3C0.8 films were prepared by magnetron sputter-
ing in high vacuum (base pressure p < 10−4 Pa) from
elemental targets at substrate temperatures TS = 400 -
470 ◦C and were characterized by x-ray diffraction to
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FIG. 1: Magnetic moment m of a 45-nm Mn5Si3C0.8 film
(volume Vf = 1.65 × 10
−6 cm3) on a (112¯0)-oriented Al2O3
substrate (volume Vs = 2×10
−2 cm3) at T = 10 K in perpen-
dicular magnetic field. Dashed lines indicate a linear m(H)
behavior. Open symbols indicate raw data, closed symbols
indicate the magnetic moment of the ferromagnetic film after
the subtraction of the diamagnetic contribution arising from
the substrate. Inset: Semilogarithmic plot of the magnetic
susceptibility χ(T ) of sapphire, see text for details.
confirm formation of the Mn5Si3-type structure as de-
scribed earlier [13, 14]. The films have a coarsely grained
morphology with an average grain size equal to the film
thickness. (112¯0) oriented sapphire substrates covered by
a mechanical mask were used to obtain a Hall-bar layout.
For the samples investigated here, w= 0.5 mm, d = 50
nm (Mn5Ge3Cx) and 45 nm (Mn5Si3C0.8), L = 8 mm.
Contacts to the sample were made by attaching thin Cu
wires to the film, glued with silver epoxy. Resistivities
were measured in a physical property measuring system
(PPMS, Quantum Design) for magnetic fields µ0H up to
± 8 T and temperatures 2 - 400 K. The magnetic field was
oriented either perpendicularly to the film plane or either
longitudinally (ρ‖,L) or transverse (ρ‖,T) to the current
direction in the film plane. The Hall resistivity ρxy was
obtained by performing a field sweep from negative to
positive values, ρxy = [ρxy(+H)− ρxy(−H)] /2.
The magnetic moment m of the films was measured in
a superconducting quantum-interference device (SQUID)
magnetometer between 10 and 350 K for magnetic fields
up to 5 T. For the determination of the sample magneti-
zation, in particular for temperatures close to TC where
M(T ) does not saturate in magnetic field, a correct sub-
traction of the diamagnetic signal of the Al2O3 substrate
(volume Vs) is crucial. As an example, Fig. 1 shows raw
m(H) data of a film on a Al2O3 substrate measured at 10
K and m(H) of the Mn5Si3C0.8 film after substraction of
the diamagnetic contribution from the Al2O3 substrate.
For the subtraction we have used the magnetic suscepti-
bility χ(T ) of the substrate indicated by the red line in
the inset of Fig. 1. χ(T ) was found to vary between -
16.27 (T = 10 K) and -16.87 (T ≥ 150 K). The red line is
the average of various values χ = (∆m/∆H)/Vs, deter-
mined from the slope ∆m/∆H of the linearm(H) behav-
ior above the saturation field at T = 10 K, for ferromag-
netic films of Fe (squares), Mn5Si3C0.8 (triangles), and
Mn5Ge3C0.8 (diamonds) on sapphire substrates. Solid
circles represent data of Al2O3 reported by Smith et al.
[30].
III. RESULTS
The temperature dependence of the resistivity ρ for the
three films is shown in Fig. 2. At the lowest temperature,
the films have residual resistivities in the range 100 - 200
µΩcm and exhibit at higher temperatures a roughly lin-
ear temperature dependence characteristic for a metal.
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FIG. 2: Temperature dependence of resistivity ρ (solid line)
for ferromagnetic (a) Mn5Ge3, (b) Mn5Ge3C0.8, and (c)
Mn5Si3C0.8 films. Kinks in dρ(T )/dT in the vicinity of the
Curie temperature TC are shown in (a) and (c). Upper insets
show a semilogarithmic plot of the variation of the sheet con-
ductance −∆σs(T ) = [ρ(T )− ρ(T0)]/ρ
2(T0), where the solid
line indicates a behavior −∆σs(T ) ∝ log(T/T0).
The temperature dependence is in agreement with pre-
viously published data of Mn5Si3C0.8 films including a
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FIG. 3: (a-c) Hall resistivity ρxy, and (d-f) magnetization M in perpendicular field H⊥ at various temperatures T . Solid lines
show fits according to Eqn. 2 to measured data (symbols), see text for details. Insets show the temperature dependence of the
magnetization M(0) obtained from the linear extrapolation of the high-field magnetization M(H⊥) toward H⊥ → 0.
logarithmic T dependence of the sheet conductance (in-
sets) [14].
For the C-inserted films this behavior is attributed
to the scattering of conduction electrons by two-level
systems originating from C-induced disorder, with a
crossover to Fermi-liquid behavior below ≈ 1 K. At high
temperatures, the slope of ρ(T ) changes and a weak kink
appears at the Curie temperature TC indicated in (a) and
(c). This is not observed for Mn5Ge3C0.8 consistent with
a TC ≈ 450 K of this compound [8, 10], which was not
accessible by the experimental set-up used in this study.
The magnetic phase transitions are better resolved in the
derivative dρ(T )/dT , see Fig. 2 (a,c), which shows ca
clear jump at TC [31]. The TC values determined from
dρ(T )/dT are in very good agreement with earlier pub-
lished data for Mn5Ge3 [5], Mn5Ge3C0.8 [8, 10, 12], and
Mn5Si3C0.8 films [13, 14].
Due to the high residual resistivities and low resistance
ratios RRR ≈ 2− 4 the films fall into the intrinsic Hall-
effect regime [29]. From ρ0l = 4.25 × 10
−15Ωm2 for
Mn5Ge3 [32] an electron mean free path l ≈ 3 nm is
estimated, much smaller than the film thickness. There-
fore, finite-size effects arising from electron scattering at
the film boundaries are considered to be negligible.
Figure 3 (a-c) show the Hall resistivity ρxy(H) of the
compounds for different T . For clarity, only a subset of
data is shown. ρxy(H) of the ferromagnetic films shows
a steep increase with field at low fields and a saturation
at high fields for T ≪ TC, resembling the magnetiza-
tion behavior M(H), see Fig. 3(d-f). We do not observe
a non-linear behavior of ρxy(H) or a sign change with
magnetic field that would allow a separation of electron
and hole contributions [33]. This indicates that field-
induced changes of particular orbits or a reconstruction
of the Fermi surface are negligible. In perpendicular mag-
netic field, the magnetization exhibits a hard-axis behav-
ior without hysteresis due to the strong shape anisotropy
of the thin film. The magnetization M(0) determined
by extrapolating the high-field M(H) behavior to H = 0
shows the characteristic dependence of a ferromagnet (see
insets). M(0) is zero at TC obtained from the jump in
dρ(T )/dT . For the saturation magnetization we obtain
MS(10K) = 6 × 10
5A/m corresponding to a magnetic
moment of 1.3µB/Mn, somewhat higher than observed
earlier for 100-nm Mn5Si3C0.8 films but similar to 400-
nm thick C-implanted films [14, 28]. For Mn5Ge3C0.8,
MS(10K) = 6.7×10
5A/m (1.6µB/Mn), 27 % lower than
for 400-nm thick implanted films (2.2. µB/Mn) [28]. For
the Mn5Ge3 film we obtain MS(10K) = 9 × 10
5A/m
(2.1µB/Mn), 20 % lower than MS of bulk Mn5Ge3
(2.6µB/Mn). Apart from the fact that the 50-nm films
have a low magnetic moment which is difficult to mea-
sure, the reduced magnetization compared to thick films
or bulk is presumably due to a magnetically disordered
layer, possibly close to the substrate/film interface.
The magnetoresistance (MR) is negative for all tem-
peratures as shown in Fig. 4, except for Mn5Ge3C0.8
where a small positive MR is observed in a weak per-
pendicular magnetic field at temperatures T ≤ 150 K.
Changes of the MR at low fields µ0H < 1 T are attributed
to a change of the magnetic domain structure. In perpen-
dicular field the relative change ∆ρ = ρ(8T)−ρ(0) varies
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FIG. 4: (a-c) Magnetoresistivity ρ(H⊥) in perpendicular magnetic field for various temperatures T . Insets show the temperature
dependence of ∆ρ = ρ(H⊥ = 8T)−ρ(0). (d-f) ρ(H) with the magnetic field oriented in the plane and either longitudinal (ρ‖,L,
closed symbols) or transverse (ρ‖,T, open symbols) to the direction of the current. Insets show temperature dependence of the
nearly linear slope δρ‖,L/(δµ0H) of the longitudinal MR. Solid lines indicate the extrapolation of the MR to zero field for the
determination of the AMR ratio.
with temperature, see insets Fig. 4(a-c). ∆ρ decreases
with increasing temperature all the way up to TC and
increases again with a distinct minimum at TC observed
in Fig. 4(a) and (c). The negative MR in perpendicular
field was reported earlier for Mn5Si3C0.8 [14] and was at-
tributed to the damping of spin-waves by the magnetic
field [34]. In a high magnetic field a gap opens in the
magnon spectrum and the electron-magnon scattering is
suppressed leading to a decrease of the resistivity. Close
to TC, the MR shows a non-linear behavior, MR ∝ H
2/3
for T < TC and MR ∝ H
α with α= 1.8 - 1.9 for T > TC,
for Mn5Si3C0.8 and Mn5Ge3 as shown in Fig. 5 where
the MR is plotted vs. H2/3. This is in qualitative agree-
ment with a simple model where a localized spin system
is approximated by a molecular field and the MR is due
to s− d scattering [35].
We observe only slight differences between the longi-
tudinal and transverse MR with the field oriented in the
plane of the film, see Fig. 4(d-f). Orbital contributions
to ρ‖,L ∝ (ωcτ)
2 ∝ µH2 are negligibly small (µ: mobil-
ity, see below) [36]. Similar to the behavior of ∆ρ(H⊥
the slope δρ/δH continuously decreases with increasing
T , see insets. From ρ‖,L and ρ‖,T we determine the AMR
ratio (ρ‖,L − ρ‖,T)/ρ‖,T plotted in Fig. 6(a). While
a very small AMR almost independent of temperature
is observed for Mn5Si3C0.8, the AMR of Mn5Ge3 and
Mn5Ge3C0.8 strongly dependends on temperature. The
negative AMR at low temperature increases with increas-
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FIG. 7: (a) Anomalous contribution σAHxy vs. M for
Mn5Si3C0.8. Colors indicate different temperatures, cf. Figs.
3, 4. Solid lines indicate a linear behavior σAHxy ∝ M . Inset
shows the effect of a variation of the Hall coefficient R0 on the
σAHxy (M) behavior at large M . (b) Temperature dependence
of the anomalous Hall coefficient SH . Inset shows the depen-
dence of SH(T → 0) from the Curie temperature TC. Solid
line indicates a linear behavior.
ing temperature up to positive values at high tempera-
tures thereby crossing zero around 150 - 200 K.
With the data of Figs. 3 and 4 we are able to separate
the different contributions to the Hall effect. We apply
Eqns. 2, 3 to analyze the AHE of the ferromagnetic films.
Due to the high residual resistivity, the cyclotron reso-
nance frequency is ωcτ = R0B/ρ ≈ 10
−4B(T) ≪ 1 and
the weak-field expressions (no closed cycles) Eqns. 2, 3
are applicable.
In Fig. 7(a), σAHxy = (ρxy − R0µ0H)/ρ
2 at different T
is plotted vs. M for Mn5Ge3C0.8 as an example, cf. Eqn.
3. For clarity, again only a subset of data is shown. R0
was used as a free parameter to yield a linear dependence
σAHxy (M) = SHM crossing the origin [37]. This assump-
tion is derived from the linear dependence σAHxy ∝M re-
ported earlier for epitaxial Mn5Ge3 films on Ge(111) and
attributed to the existence of long-wavelength spin fluc-
tuations in this material [7]. R0 can be determined with
sufficient accuracy because small variations of R0 drasti-
cally change the σAHxy (M) behavior, in particular above
the saturation field, see inset Fig. 7(a). The influence of
the MR on the Hall effect cancels by this procedure. We
obtain the Hall coefficients R0 and SH from the slope
of σAHxy (M) allowing calculation of the Hall resistivity
ρxy(H) (Eqn. 2) for comparison with the experimental
data. We obtain good agreement between the measured
Hall resistivity and the calculated values, see Fig. 3 (a-
c), except for temperatures close to TC. We mention
that similar values for R0 and SH are obtained from a
plot ρxy/µ0H vs. ρ
2M/µ0H . Moreover, adding a contri-
bution ∝ ρ due to skew scattering to the Hall effect does
not improve the agreement between the measured and
calculated values. This is due to the fact that the resis-
tivities of the polycrystalline films are high and the Hall
effect is dominated by the contributions ∝ ρ2 [16, 29].
The coefficients SH of the anomalous Hall effect de-
termined by this method are plotted in Fig. 7(b). For
all three films, the coefficient SH is positive and T -
independent almost up to TC due to SH ∝ λSO as ob-
served earlier [7, 16, 19]. SH only gradually decreases
close to TC but a finite SH is still observed in the para-
magnetic regime above TC presumably due to the T -
independent spin-orbit interaction λSO [19, 38]. λSO
can be roughly estimated from the dimensionless cou-
pling for d orbitals of size rd ≈ 0.05 nm (Ze
2/2ǫ0mc
2rd)
and the band kinetic energy (~2/2ma2) [39]. For ZMn
= 25, a = 0.5 nm we obtain λSO ≈ 0.1meV (1.2 K).
SH successively increases from Mn5Ge3, Mn5Si3C0.8, to
Mn5Ge3C0.8, possibly due to the increasing ferromag-
netic stability. This is supported by a linear increase of
SH(T → 0) with TC of the samples shown in the inset of
Fig. 7(b).
For Mn5Si3C0.8, the ordinary Hall coefficient R0 ≈
2 × 1010m3/As is positive and independent of temper-
ature, and corresponds to neff = 3× 10
22 holes/cm
3
, i.e.,
7a factor five higher than for Mn5Si3, suggesting p-type
doping by carbon, see Fig. 6(c). This can be due to a
carbon-induced change of the electronic band structure
and an increased density of states at the Fermi level, sim-
ilar to what has been found for Mn5Ge3Cx [9]. In con-
trast, the ordinary Hall coefficient R0 for the germanide
films strongly varies with temperature. In particular, R0
is negative at low T with R0(10K) = −2× 10
−10m3/As
for both Mn5Ge3Cx films yielding an effective charge
carrier density neff = |1/R0e| = 3 × 10
22 cm−3 corre-
sponding to ≈ 0.8 electrons per Mn and a Hall mobility
µ = |R0| /ρ = 2 cm
2/Vs. This low Hall mobility confirms
our statement above that the orbital contribution to ρ‖,L
is small [36]. R0 increases ∝ T
2 and changes sign around
120 K indicating an increasing contribution from hole-like
bands. We note that R0 vs. T/TC obeys a similar behav-
ior for both germanide samples. The temperature depen-
dence of R0 is in agreement with the behavior of epitaxi-
ally grown Mn5Ge3 films, where R0 ≈ −3× 10
−10m3/As
was obtained at low temperature with a sign change from
negative to positive at 180 K [7]. A sign change of R0
was also reported for nonmagnetic CaRuO3 and ferro-
magnetic SrRuO3 films and was attributed to the zero
band-curvature of the Fermi surfaces in these materials
[40]. Although a sign change of R0 is well known for com-
pensated semicondcutors it is unusual for a metal where
the carrier density is independent of temperature.
IV. DISCUSSION
The resistivity, magnetoresistance, and Hall effect
clearly show the characteristic features of a ferromag-
netic metal, i.e., a kink in δρ/δT at TC, a temperature-
dependent MR, and an anomalous Hall effect much larger
than the ordinary Hall effect. However, both germanide
films show a qualitatively different temperature depen-
dence of the AMR and ordinary Hall coefficient R0 com-
pared to the silicide film although both compounds have
the same hexagonal crystal structure. In particular, for
Mn5Ge3Cx both coefficients, AMR and R0, show a sign
change in a similar temperature range. The difference in
the temperature dependences presumably arises from the
substantially different electronic band structure in the
vicinity of EF of the Mn silicide and Mn germanide which
seems to be independent of C doping. This might origi-
nate from the different lattice constants which affects the
hybridization of the orbitals. The volume of the crystallo-
graphic unit-cell increases continuously from Mn5Si3C0.8
to Mn5Ge3C0.8 to Mn5Ge3 [15] in line with an increasing
temperature dependence of R0. The sensitivity of the
magnetic moment and the spin polarization, i.e., spin-
split band structure, to interatomic distances and strain
in Mn5Ge3 has been reported earlier [26, 32, 41].
In the following we propose a scenario for the concomi-
tant sign changes of the AMR ratio and Hall coefficient
R0 in Mn5Ge3Cx films. In the two-current model for
strong ferromagnets, the size of the AMR depends on
the intraband scattering of conduction electrons by non-
magnetic impurities and on the scattering of conduction
electrons into the unoccupied states of the d↓ band close
to the Fermi level EF [18, 42]. The AMR is often posi-
tive while a negative AMR as observed in Fe4N has been
taken as evidence for minority-spin conduction [43]. In
this context, the two-current model has been extended to
take into account (i) scattering into unoccupied d states
of both spin components, (ii) spin mixing of the d bands
by spin-orbit scattering, and (iii) spin-flip scattering aris-
ing from spin-dependent disorder and magnons [44]. The
ratio ρs↓/ρs↑ of the resistivities of two bands of conduct-
ing s, p, and d states arising from scattering by nonmag-
netic impurities is treated as a variable together with the
spin-resolved components of the d-band DOS at EF, N
d
↓
and Nd↑ . The AMR ratio arises from slight changes of
the d orbitals by the spin-mixing term due to SOI. Inter-
estingly, the sign of the AMR ratio does not depend on
the absolute value of spin-flip scattering rate but on the
ratios ρs↓/ρs↑, N
d
↓ /N
d
↑ , and the dominant s−d scattering
process [44].
The DOS of the spin-split band structure of Mn5Ge3
and Mn5Ge3C0.8 has been obtained from first-principle
calculations [9, 32, 45]. At the Fermi level, the total DOS
N(EF) is dominated by N
d(EF) of the Mn1 and Mn2 d-
states with a lower Nd↑ than N
d
↓ . The Ge and C p bands
do not contribute to the transport directly, but the Mn
states in the majority spin band are strongly hybridized
with the Ge 4p states. Similarly, the C 2p states hybridize
with the Mn2 states leading to a shift of the Mn2 peaks in
the DOS towards EF and to an increasedN
d(EF) in both
spin channels while the Mn1 states are left almost unaf-
fected [9]. The calculations yield N↓/N↑ ≈ N
d
↓ /N
d
↑ ≈
1.5 - 2 at EF and an exchange splitting Eex ≈ 2.5 eV
[9, 32, 45]. By using 1/ρs↑(↓) ≈ e
2N↑(↓)(EF)
〈
vF↑(↓)
〉2
τ
with the appropriate values given in Refs. 9, 32 we ob-
tain ρs↓/ρs↑ ≈ 0.3 at low temperatures, i.e., a higher
conductivity of the minority-spin channel, akin to Fe4N
[43]. A similar ρs↓/ρs↑ value is derived from the spin po-
larization P = -0.42 measured by Andreev reflection [32].
For ρs↓/ρs↑ ≈ 0.3 we obtain in the extended two-current
model [44] a negative AMR ratio = -0.3 % for a domi-
nant s− d scattering contribution ρs→d↓/ρs↑ = 0.2. The
maximum negative AMR ratio is usually of the order of
−γ = − 34 (λSO/Eex)
2 = −1% as found experimentally,
corresponding to λSO = 0.3 eV in the present case, which
is in fair agreement with the rough estimate mentioned
above [39].
The Hall constant in the two-current model is R0/ρ
2 =
(R0↑/ρ
2
↑ + R0↓/ρ
2
↓) where R0↓ and R0↑ are the temper-
ature independent ordinary Hall coefficients of the spin
down und spin up band, respectively, and ρ↓ and ρ↑ their
total resistivities. Due to the metallic character of the
8material and the linear ρ(T ) dependence, see Fig. 1, it
is reasonable to assume temperature-independent carrier
densities n↓ and n↑ and, hence, constant R0↓ and R0↑.
From the AMR of Mn5Ge3Cx at low T we know that
the ↓ channel dominates the transport (ρ↓ ≪ ρ↑) and
R0 < 0 requires R0↓ < 0. At higher temperatures
R0 > 0 requires R0↑ > 0 and ρ↓ > ρ↑. Hence, ρ↓/ρ↑
must increase with T in order to induce a sign change
of the AMR and R0. The change from an electron-
like minority-spin transport to a hole-like majority-spin
transport in Mn5Ge3Cx is possible since in a ferromag-
netic metal electrons of one spin direction may constitute
an electron-like Fermi surface while electrons of opposite
sign may constitute a hole-like surface [46].
From the extended two-current model an increase of
ρ↓/ρ↑ with increasing temperature can be due to an
increase of ρs↓/ρs↑ and/or of N
d
↑ /N
d
↓ [44]. The latter
has been proposed as an explanation for the AMR sign
change in the half-metallic ferromagnet Fe3O4 with spin-
split t2g and eg states [44, 47]. However, negative as
well as positive ordinary Hall coefficients have been re-
ported for Fe3O4 in the range 160 < T < 300 K [48, 49].
In half-metallic CrO2 the electrons determine the con-
ductivity while highly mobile holes determine the low-
field magnetotransport properties [33]. In the present
case of conductive s, p, and d states it is likely that
the strong hybridization between the Mn 3d states and
the Ge states changes the conductivity of the spin-split
conduction channels. This seems not to be the case for
Mn5Si3C0.8.
SUMMARY
In conclusion, we have investigated the Hall ef-
fect and anisotropic magnetoresistance of ferromagnetic
Mn5Ge3, Mn5Ge3C0.8, and Mn5Si3C0.8 films. While for
Mn5Si3C0.8 the Hall coefficients are roughly independent
of temperature, for Mn5Ge3Cx these coefficients show a
concomitant sign change from negative to positive in the
same range of T . This is due to the fact that the elec-
tronic and magnetic properties in these Mn compounds
depend very sensitively on the interatomic distances and
hybridization. Hence, we have demonstrated a clear re-
lation between the temperature dependence of the Hall
coefficient and anisotropic magnetoresistance. Further
work should show if this relation holds for other classes
of ferromagnetic transition-metal compounds as well.
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